The effect of sugars and metabolic inhibitors on the elongation of Zea mays root segments was analyzed by a rhizometer which records the elongation of each of 32 root segments at the same time. Galactose suppressed the acid-enhanced rapid elongation after a lag period of 1.5 hours, but it did not inhibit the slow elongation at pH 7. Mannose was less inhibitory than galactose.
Galactose is known to inhibit root growth in many plant species, such as wheat (3, 16) , maize (1 1, 12) , pea (16) , and tomato (14) . Galactose also inhibits the elongation of excised segments ofoat coleoptiles (15, 19, 30, 31) . Goring and Reckin (1 1, 12) proposed that the inhibitory effect ofgalactose on the growth of maize roots is caused by interference with glucose utilization necessary for the cell wall synthesis, as was originally suggested by Ordin and Bonner (19) . Ray (21) and Yamamoto and Masuda (30) confirmed that galactose suppressed cell wall synthesis in oat coleoptile segments (21, 30 (15) further demonstrated that galactose inhibits cell wall synthesis by lowering the UDP-glucose level in oat coleoptiles. These results indicate that galactose is a potent inhibitor of the cell wall synthesis. found that root segments of Zea mays elongate rapidly in citrate-phosphate buffer at pH 4 for as long as 5 h. In contrast, the acid-enhanced elongation of coleoptile segments lasts for less than 2 h and is insensitive to galactose (30, 31) . It is thus not clear what kinds of metabolic processes are required for the acid-enhanced growth of root and coleoptile segments. Since the acid-enhanced growth of root segments continues for a longer time than that ofcoleoptile segments, it may at least partially depend on galactosesensitive metabolic processes responsible for cell wall synthesis.
The purpose ofthis study was to ascertain whether the acidinduced elongation process per se is sensitive to galactose and, if so, whether the senstivity bears a causal relationship to the inhibition of root growth by galactose. In each experiment, the elongation kinetics of large samples of root segments was measured simultaneously using the rhizometer (26) (27) (28) (29) .
MATERIALS AND METHODS

Plant Material
Caryopses of Zea mays cv Sweetom 102 were surfacesterilized in 0.1% sodium hypochlorite solution and imbibed in running tap water at 20°C for 20 h. Swollen caryopses were then placed on the frames of acrylic plates sided by wet filter paper as described previously (25, 26) , and these frames were kept in a humid box in the dark for 42 h at 23°C.
For long-term elongation (20 h ), 5 mm segments were excised from selected straight roots (22 ± 2 mm) at 1 mm behind the tip, preincubated in distilled water for 1.5 h, and then treated with or without sugars at pH 4 or at pH 7. Citrate-sodium phosphate (1-2 mM) buffer was used at pH 4 and pH 7. Lots of 30 root segments were gently shaken with 20 mL buffer solution in a Petri dish (12 cm) at 23°C in room light, and the length of the segments was measured with a low power microscope after treatment.
For the time course experiments (10 h), 7 mm segments were excised from 22 ± 2-mm long roots 1 mm behind the tip and mounted on the root holders with the apical end down as indicated in Figure 1 . The basal end of the holder was filled with 0.1 mL buffer of pH 6.4. Sixteen root holders were held vertically in one measuring box of the rhizometer as reported previously (28) . The elongation of each root was measured electrically every 10 min while root segments were dipped in the aerated buffer solution for 5.5 
RESULTS
Effects of galactose and mannitol concentrations on the long-term elongation (20 h) of the root segments were tested at pH 7 and pH 4 ( Fig. 2A) . Galactose strongly inhibited the elongation of the root segments at pH 4 but not at pH 7 when applied at concentrations higher than 10 mm. Mannitol slightly inhibited the pH 4-enhanced elongation at 50 mM.
The difference in elongation at pH 4 and at pH 7 is shown in Figure 2B as a function of sugar concentrations. Galactose completely inhibited the acid-enhanced elongation at 30 and 50 mm, whereas mannitol showed little inhibition at these same concentrations.
Time courses for elongation (up to 10 h) at pH 7 and at pH 4 with or without sugars are indicated in Figure 3 . Excised root segments elongated rapidly in the pH-4 buffer solution for about 5 h, a result comparable to that previously reported by Edwards and Scott (7) . When sugars were applied at concentrations of 30 mm, rapid and temporary inhibition was observed not only by galactose but also by mannitol and sorbitol. The rapid and temporary inhibition may be an osmotic effect of these sugars (30 mM), since the inhibition was generally observed with these three sugars as well as in all other sugars tested in other experiments ( Table I ). The galactose-specific inhibition has a characteristic lag period of 1.5 h as shown by the difference between the galactose curve and those for mannitol or sorbitol (Fig. 3) .
In order to estimate the osmotic effect of galactose, the elongation curves of mannitol and galactose are compared with each other in Figure 4 . The elongation curve composed of 'calculated' points was plotted by adding the mannitolreduced elongation (difference between growth in pH 4 buffer and in pH 4 buffer plus mannitol in Fig. 3 ) to the galactosecurve of Figure 3 . The calculated curve was identical to the curve obtained when mannitol is replaced by galactose at the arrow (Fig. 4) . Thus, galactose-specific suppression appears after a 1.5 h lag and the elongation is almost completely inhibited after a 3 h treatment with this sugar.
When galactose was removed from the buffer solution after a 1 h treatment (Fig. 5) , elongation recovered considerably compared with continuous galactose-treatment (broken line), although significant inhibition still remained as compared with sucrose.
Effects of other sugars, namely mannose, glucose, arabinose, and xylose, as well as sucrose were compared with galactose and with mannitol (Table I ) after 9 h of treatment in pH 4 buffer. Mannose showed significant inhibition but gave greater total elongation with similar kinetics than galactose. Other sugars showed no inhibition over the osmotic effect as determined from comparisons of the mannitol and control curves of Figure 3 . Effects of three types of inhibitors were compared with those of sugars (Table I) . Cycloheximide and 2-deoxyglucose were inhibitory at pH 4 when they were applied at the same time as the acid treatment. Cordycepin showed inhibition if it was applied prior to the acid treatment but, unlike 2-deoxyglucose and cycloheximide, it showed little inhibition if applied together with acid. The inhibitory effect of cycloheximide was comparable to that of galactose; the inhibition appeared following a 1.5 h lag period and was complete after an additional 1 h, just as was the case for galactose-inhibition (Table I) .
The effect of galactose pretreatment at pH 7 on the rapid elongation at pH 4 was compared with mannitol pretreatment (Fig. 6) . Decreasing the pH from 7 to 4 (arrows) induced a rapid burst of elongation in 30 mm mannitol (open circles). Galactose strongly suppressed acid-induced, rapid elongation whereas it showed little effect on elongation at pH 7 (closed circles).
Comparing elongation after 10 h, final elongation in acidmannitol declined considerably with progressively later acid application, whereas the acid-galactose treatment fell in the narrow range of approximately 1.1 mm regardless of the timing of pH shift. However, since the elongation of segments at pH 7 after 20 h was about 1.1 mm, the elongation obtained in galactose was comparable to that obtained in neutral pH (c.fJ Fig. 2 and Fig. 6 ). These results suggest that galactose specifically inhibits the acid-responsive portion of elongation but does not affect the slow elongation at pH 7. 
DISCUSSION
Galactose has long been known to be inhibitory for plant growth. Three mechanisms of galactose action have been proposed: (a) The inhibition of sugar metabolism for cell wall synthesis, (b) the inhibition of auxin synthesis (1), and (c) the promotion of ethylene production. It seems unlikely that inhibition of auxin production causes the inhibition of elongation in the root system since auxin levels are known to be supraoptimal for root elongation under some conditions, and the elongation rate increases by lowering the auxin level (20) . Although ethylene is also known to suppress root elongation, the enhancement of ethylene production may not be the cause of the inhibition of acid-enhanced elongation by galactose, since galactose-enhanced ethylene production appears to take a long time and, for instance, was detected only after a 10 h lag in mung bean hypocotyls (5). However, ethylene production has not yet been measured directly in the root segments studied here. Galactose-suppression of acid growth may be brought about by the inhibition of sugar metabolism required for the cell wall turnover as suggested by several reports (10-12, 14, 15, 19, 30, 31) . The present results suggest that the inhibitory effect of galactose on growth of intact roots is, at least partially, caused by inhibition of the elongation process which is enhanced by acid treatment. In oat coleoptiles, rapid acid-enhanced elongation is thought to be independent of galactose-sensitive metabolism, since galactose does not inhibit the acid-induced elongation. However, the later, slower phase of auxin-induced elongation is inhibited by galactose (31). Rapid acid-induced elongation of coleoptiles lasted for less than 2 h (30, 31), whereas that 3 4 5 6 7 8 9 10
T I M E(h) Figure 6 . phase of maize root growth continued for 5 h (7-9). Since root segments elongate rapidly at pH 4 for a longer period than coleoptile segments, it seems likely that acid-induced growth of roots depends, at least partially, on some cell wall synthesis or some metabolic changes of the cell wall components which, in turn, are dependent on galactose-sensitive sugar metabolism.
Since the slow elongation at pH 7 was not affected by galactose in corn roots (Figs. 2 and 6 ), the inhibitory effect of galactose seems to be specific just to the rapid elongation under acidic conditions.
The mechanism ofacid growth has been extensively studied with in vitro extension system of shoots (13, 23 ). An enzymic process was suggested to participate in acid-extension of frozen-thawed cell walls. A protein factor is thought to take part in cell wall extension in acidic environments, since the pretreatment of stem segments with boiling water or with protease ( 17) reduced in vitro extension of pea epicotyl segments under acidic condition. Cycloheximide and cordycepin inhibit auxin-induced elongation (2, 4, (22) (23) (24) and proton extrusion (2) . The present results show that cycloheximide inhibits the acid-enhanced elongation as strongly as galactose, an observation that suggests that acid-enhanced elongation itself might depend, again, at least partially, on the synthesis of proteins that participate in cell wall metabolism. Cordycepin, however, did not inhibit the acid-enhanced elongation of maize roots when it was applied at the same time as the acid treatment; whereas, it strongly inhibits auxin-induced elongation of pea stems (24) and oat coleoptiles (22) . This result suggests that RNA synthesis is not required for the induction of rapid elongation by acidic buffer. However, as is the usual case, one cannot know for certain that this cycloheximide treatment acted directly on protein synthesis. Our further work will seek more information on this important point. Likewise, there is no certainty that cordycepin was taken up by the root cells; however, inhibition resulting from a 6 h pretreatment indicates that it was (Table I) , and its inhibition of elongation of cuticle-bearing segments of peas (24) and oats (22) would appear to support this conclusion also. Further study will seek to clarify these findings.
Dreier et al. (6) reported that arabinose is inhibitory to the growth of maize root tips. In the present study, however, arabinose did not inhibit acid-enhanced elongation (Table I) . Thus, arabinose-sensitive metabolism may not be involved in the acid-induced elongation process of maize roots.
Nishitani and Masuda (18) found that acid treatment of hypocotyl segments causes a decrease in molecular size of cell-wall xyloglucans. Thus, the present results as well as theirs support the concept that acid growth depends on galactosesensitive metabolic processes which may be involved in molecular changes in the cell wall components. However, whether galactose inhibits cell wall synthesis per se during acid-enhanced elongation in maize root segments remains an open question.
